ABSTRACT. Apparent digestibility coefficients (ADCs) of nine protein ingredients were determined for pirarucu Arapaima gigas, a Neotropical fish species with great aquaculture potential in the Amazon. ADCs of crude protein, energy and dry matter were determined by feces sedimentation in cylindrical-conical tanks. Experimental diets were composed of 795 g kg -1 of the reference diet, 5 g kg -1 of chromic oxide and 200 g kg
INTRODUCTION
Pirarucu Arapaima gigas (Osteoglossomorpha: Osteoglossidae) is a large carnivorous fish species of high commercial value and great aquaculture potential in the Amazon region. Its excellent meat quality and unique fast growth among freshwater fish species (up to 10 kg in the first year) are some of the characteristics that make pirarucu a very attractive species for aquaculture . However, many technological limitations hinder the development of commercial farming of pirarucu , in particular, limited knowledge on the nutrition in captivity.
Nutrition should be essentially species-specific, considering the physiological and behavioral singularities of each fish species, with little generalizations (Cyrino et al., 2010) . For pirarucu, few studies in fish nutrition have been conducted. Limited information ___________________ Corresponding editor: Patricio Dantagnan on nutritional requirements and ingredients digestibilities is available for the species (e.g., Ituassú et al., 2005; Del Risco et al., 2008; Santos-Cipriano et al., 2015; Cipriano et al., 2016) , and those are essential for the development of balanced and efficient feeds for the adequate production of pirarucu (Cho et al., 1985; Glencross et al., 2007) . Additionally, with increasing demand for protein ingredients to replace fish meal, studies on digestibility and potentiality of such alternative ingredients are even more necessary for the sustainability of the aquaculture industry, specially of carnivorous fish species (Glencross et al., 2007; Tacon & Metian, 2008; Naylor et al., 2009) . In Brazil, such need is increased by the low quality of the fish meals (Lima et al., 2014) , and on the other hand, by the plenty availability of agriculture by-products with potential use in aquaculture (Melo & Nikolik, 2013; Fontes et al., 2016) . This study determined the apparent digestibility of nine protein ingredients for juvenile pirarucu to provide a basis for the development of more adequate feeds for the species. The selection of the test ingredients considered those ingredients conventionally employed in diet formulation by the aquafeed industry.
MATERIALS AND METHODS

Diet formulation and manufacture
The digestibility of nine protein ingredients was assessed for pirarucu in a randomized block design (three replicates ran over time). The reference diet was formulated based on pirarucu's protein requirement (Ituassu et al., 2005; Del Risco et al., 2008) ; other nutrients were estimated based on the information available for other freshwater carnivorous fish species (NRC, 2011) (Table 1) . Test ingredients were previously ground and sieved through a 600-µm mesh hammer mill (MX 80 Imbramaq, Brazil) .
For the experimental diets, the dry ingredients were blended in a mixer (BP-20C, G. Paniz, Brazil), and later linseed oil and water (140-180 g kg -1
) were added. The mixture was extruded at 150°C through a 4.5 mm die Imbramaq, Brazil) , and pellets were dried in a forced air oven at 55°C.
Experimental diets were stored at -21°C and weekly allowance was kept at 4°C. Experimental diets were composed of 795 g kg -1 of the reference diet, 200 g kg
of the test ingredient and 5 g kg -1 of chromic oxide. In digestibility trials, ingredients are usually combined with basal diets in a 70:30 ratio as was first suggested by Cho & Slinger (1979) who applied this ratio to simulate feed inclusion levels in practical diets. However, any proportion can be used as long as the fish can consume the diet, and the proportions ensure the normal digestion process (NRC, 2011). Glencross et al. (2007) recommend inclusion levels from 20 to 40% for the test ingredients to simulate the levels used in practical diets. In this study, the 80:20 ratio was chosen to ensure the experimental diets remained as close as possible of the nutritional composition of the reference diet, and, therefore, to minimize differences in fish consumption due to the inclusion level of the test ingredient.
The test ingredients were: fish by-product meal (IFN 5-14-509), salmon by-product meal (IFN 5-02-012), poultry by-product meal , hydrolyzed feather meal , meat and bone meal (IFN 5-00-388), blood meal (disc dried; IFN 5-00-380), soybean meal (IFN 5-04-604), corn gluten meal (IFN 5-02-900), and corn gluten feed (IFN 5-02-903) ( Table 2 ). The general processing methods and 17.50 characterization of these ingredients are described by Tacon et al. (2009) .
Fish handling and fecal collection
Juvenile pirarucus weighing ca. 8.5 g were purchased from a commercial hatchery (Senador La Roque, MA, Brazil). Fish were previously acclimated in 1,000 L circular tanks for approximately three months with a commercial feed (2-4 mm; 450 g kg -1 of crude protein; Laguna, Socil, Descalvado, SP). For the digestibility trial, fish were distributed in ten 200-L cylindricalconical tanks at a density of 10 fish per tank, compounding total mean biomass of 2,044.5 ± 70.0 g tank -1
. Fish were kept in a recirculated water system under controlled temperature (27.91 ± 0.82°C) and were initially acclimated to the experimental units for 12 days, receiving the same commercial feed during this period. At the end of this acclimation time, treatments were randomly distributed in the 10 tanks. New treatment randomization in the tanks (n = 10) was performed at each replication, run over time (three replicates on time). Before collecting feces, fish were adapted for five days to the experimental diets (Blyth et al., 2015) . Fish were fed twice a day (08:30 and 14:00 h) to apparent satiation (which corresponded to around 25 to 35 g kg -1 of pirarucu body weight, daily). Approximately 30 min after feeding, bottom water from the tanks was flushed to ensure uneaten feed and feces were discarded and then proceed to feces collection. Most of the fecal material was collected in 50 mL settling tubes attached to the bottom of the tanks (modified Guelph system). However, part of the pirarucu feces floated before settling, and these were collected with a net from the water surface. Each collection period lasted about two hours, and during this time the production of feces was continuously checked. Fish from the same tank used to defecate at the same time interval. Therefore, as soon as it was observed that the feces had settled or floated, they were immediately collected and frozen at -20°C and then freeze-dried at -50°C (L-101; Liotop, Brazil). Daily, after the afternoon feces collection, tank walls were cleaned, and approximately 70% of the water volume was exchanged to prevent excess bacterial growth on tank walls. Dissolved oxygen, pH and toxic ammonia were kept at 2.16 ± 0.72 mg L 
Chemical and digestibility analysis
Experimental diets, ingredients, and feces were analyzed according to AOAC (1999) Chromic oxide in the diets and feces was quantified by atomic absorption spectrometry (contrAA 700, Analytik Jena AG, Germany).
Apparent digestibility coefficients (ADCs) of crude protein, gross energy, and dry matter were determined by the following equations (Bureau et al., 1999) 
Statistical analysis
ADCs data were submitted to analysis of variance, considering a randomized block design, followed by Tukey's test (P < 0.05) to detect statistical differences among means. Homoscedasticity and normality of residues were tested by applying Shapiro-Wilk and Levene tests, respectively (P < 0.05). Digestible protein and energy values were estimated by multiplying the protein and energy values of each ingredient with the respective average of the ADCs obtained.
Ethical and legal aspects
The experimental procedures were approved by the Animal Ethics Committee of Embrapa Pesca e Aquicultura (CEUA protocol 01/2014) and the National System for the Management of Genetic Heritage and Associated Traditional Knowledge (AA4F2B0).
RESULTS
The ADC values for crude protein, gross energy, and dry matter of test ingredients are presented in Table 3 , as well as the estimated digestible protein and energy values. Apparent protein digestibility of corn gluten meal and soybean meal were higher than that of meat and bone meal and blood meal, which, in turn, presented the lowest value (P < 0.05). Intermediate values were observed for the other ingredients, and they were not different from corn gluten meal, soybean meal and meat and bone meal (P > 0.05).
Apparent energy digestibility for pirarucu was higher for hydrolyzed feather meal in comparison to corn gluten feed and blood meal (P < 0.05). Corn gluten meal, soybean meal and poultry by-product meal presented energy ADCs values higher than 0.800 which were significantly higher than the energy ADC obtained for a blood meal. Salmon by-product meal, fish by-product meal, corn gluten feed meat and the bone meal did not differ from blood meal (P > 0.05).
Apparent dry matter digestibility, higher than 1,000, was observed for corn gluten meal and poultry byproduct meal. Blood meal presented the lowest apparent dry matter digestibility (P < 0.05), whereas the other ingredients presented intermediate values.
DISCUSSION
Blood meal was the test ingredient with the lowest ADCs for pirarucu, and that may be mainly related to the ingredient drying process (disc-drying), which can significantly affect its protein digestibility (Hajen et al., 1993; Zhou et al., 2008) . Studies with several carnivorous fish species reported considerable variation in blood meal ADC values, varying from 0.237 to 0.929 for protein and from 0.319 to 0.862 for energy (Hajen et al., 1993; Zhou et al., 2008; Gaylord et al., 2010; Wang et al., 2012; Booth et al., 2013) . Besides the ingredient processing method, this reflects differences among species and quality of the raw material (Yu et al., 2013) .
The low digestibility observed for meat and bone meal, particularly dry matter, may be attributed to high ash content (395.1 g kg -1
; Table 2 ) (Robaina et al., 1997; Bureau et al., 1999; Allan et al., 2000; Guimarães et al., 2008) . Xavier et al. (2014) studied the digestibility of several types of meat and bone meal for Nile tilapia Oreochromis niloticus and reported reduced apparent dry matter digestibility with increased ash content and reduced protein levels.
Corn gluten feed is a by-product of the processing of corn, after the extraction of starch, gluten, and germ (Tacon et al., 2009 ). Although it is often used in commercial feeds for omnivorous and carnivorous fish species due to its low cost, studies evaluating corn gluten feed for tropical fish species are still scarce. For the omnivorous channel catfish Ictalurus punctatus, the apparent crude protein digestibility for corn gluten feed was satisfactory (0.881) whereas the ADCs for gross energy (0.423) and dry matter (0.393) exhibited low values (Kitagima & Fracalossi, 2011) . Vidal et al. (2015) also observed such trend of high ADC for crude protein (0.912) and low for energy (0.590) and dry matter (0.563) when testing this ingredient for Nile tilapia. In the present study, protein digestibility of corn gluten feed for pirarucu was lower in comparison to the values obtained for channel catfish and Nile tilapia. However, pirarucu also exhibited relatively low ADCs for gross energy and dry matter. Such results found for pirarucu, channel catfish, and Nile tilapia might be due to the high fiber content of corn gluten feed; a dietary component that can reduce energy digestibility (Rodrigues et al., 2012) .
Protein digestibility of fish by-product meal was lower than those reported in other studies testing Brazilian fish meals with similar or even higher ash content (260-340 g kg -1
) (Gonçalves & Carneiro, 2003; Abimorad et al., 2008; Guimarães et al., 2008; Kitagima & Fracalossi, 2011) . Nevertheless, energy digestibility did not differ so markedly, probably reflecting the high lipid level of the fish meal tested for pirarucu (132 g kg -1
; Table 2 ); which was mainly composed of fish processing waste rich in fish viscera explaining the high-fat level in the resulting fish meal. Salmon by-product meal, commercially used in Brazilian starter feeds for carnivorous fish, was assessed in the present study to be compared to the fish by-product meal produced in Brazil and it presented higher ADC values for protein and dry matter, possibly because of better nutritional quality (lower ash content and, consequently, higher protein level). A similar trend was observed for Lutjanus guttatus (Hernández et al., 2015) , a carnivorous marine species, and for hybrid striped bass (Morone chrysops × M. saxatilis) and rainbow trout Oncorhynchus mykiss (Bowzer et al., 2015) when comparing fish meals with different ash contents. In contrast to the low nutritional quality and digestibility of the fish by-product meal, corn gluten meal, poultry by-product meal and soybean meal were well digested by pirarucu, indicating that they may be potential protein sources in feed formulations for pirarucu.
Likewise, other studies reported the good utilization of corn gluten meals for omnivorous fish species such as silver perch Bidyanus bidyanus (Allan et al., 2000) , jundiá Rhamdia quelen (Oliveira-Filho & Fracalossi, (Abimorad et al., 2008) , channel catfish (Kitagima & Fracalossi, 2011) and Nile tilapia (Vidal et al., 2015) , as well as for carnivorous species, such as cobia Rachycentron canadum (Zhou et al., 2004) , dourado Salminus brasiliensis (Borghesi et al., 2009) , Atlantic salmon Salmo salar (Burr et al., 2011) and Northern snakehead Ophiocephalus argus (Yu et al., 2013) , showing protein and energy ADCs values ranging from 0.856 to 0.968 and from 0.827 to 1.045, respectively. However, low palatability (Park et al., 1997; Cha et al., 2000; Bicudo et al., 2012) , imbalance in essential amino acids (Mente et al., 2003; Abimorad et al., 2008) and high price should also be assessed in future studies on the use of this ingredient for pirarucu. ADC values for protein and energy in soybean meal for pirarucu were similar to those reported for other carnivorous freshwater and marine fish species (Glencross et al., 2004; Zhou et al., 2004; Tibbetts et al., 2006; Borghesi et al., 2009) . Despite the high ADC values of soybean meal for pirarucu, the fecal material of fish fed soybean meal experimental diet was less consistent and more liquid when compared to those from other test diets. As feces were collected almost immediately after appearing in the settling tubes, nutrient losses by leaching might have been minimized. Atlantic salmon fed diets containing soybean meal presented feces with high water content and morphological alterations in the distal intestine (Refstie et al., 1999; Kraugerud et al., 2007) . These responses were attributed to the antinutrients of soybean meal which affect nutrient digestion and absorption processes (Krogdahl et al., 2010) . Therefore, further studies evaluating inclusion levels of soybean meal in feeds for pirarucu and its long-term effects are necessary.
Poultry by-product meal was the animal protein ingredient with the highest digestibility results for pirarucu, corroborating other studies with silver perch (Allan et al., 2000) , rainbow trout (Bureau et al., 1999) , Nile tilapia (Guimarães et al., 2008) , striped surubim Pseudoplatystoma reticulatum (Silva et al., 2013) and Japanese seabass Lateolabrax japonicus (Wang et al., 2012) . The high price of this ingredient should be considered in future studies, together with other aspects such as its high phosphorus and fat contents that can hinder water quality and favor feed oxidation, respectively (Guimarães et al., 2008; Kitagima & Fracalossi, 2011) .
Apparent protein digestibility of hydrolyzed feather meal for pirarucu was similar to those values reported for juvenile rockfish Sebastes schlegeli (0.790) (Lee, 2002) and Nile tilapia (0.785) (Guimarães et al., 2008) , but lower to values reported for rainbow trout (0.810-0.870) (Bureau et al., 1999) and channel catfish (0.898) (Kitagima & Fracalossi, 2011) . Protein and energy digestibility of hydrolyzed feather meal for pirarucu was higher than those reported for carnivorous freshwater surubim P. coruscans (0.396 and 0.513) (Gonçalves & Carneiro, 2003) and P. reticulatum (0.198 and 0.538) (Silva et al., 2013) . Similar to blood meal and meat and bone meal, those differences mainly reflect the different processing methods (quality and freshness of the raw material, processing itself and storage) (Tibbetts et al., 2006) . Dry matter ADCs values higher than 1.000 for poultry by-product meal and corn gluten meal were also reported by Allan et al. (2000) for silver perch. This might have been due to errors during chemical analysis of the marker and nutrients, non-homogeneous mixing of the marker into the diets, interaction between the ingredients of the experimental diets and different leaching of the nutrients of the ingredient (Allan et al., 2000; Glencross et al., 2007; NRC, 2011) .
The apparent digestibility of corn gluten feed, hydrolyzed feather meal, fish by-product meal, meat and bone meal, poultry by-product meal and soybean meal were previously evaluated for pirarucu in pelletized diets by Cipriano et al. (2016) . In comparison to the results found in this study, corn gluten feed and soybean meal (vegetable protein ingredients) presented lower ADCs, probably due to differences in the diet processing method. The extrusion process can potentially enhance plant proteins digestibility due to the higher temperatures achieved (NRC, 2011). Hydrolyzed feather meal exhibited similar digestibility for crude protein (0.804) and dry matter (0.795), despite the lower ADC for gross energy (0.833). Poultry byproduct meal, fish by-product meal, and meat and bone meal had higher ADCs which can be explained by differences in quality of the raw material and ingredient processing, as well as the lower ash content of the ingredients tested by Cipriano et al. (2016) .
In the present study, corn gluten meal, poultry byproduct meal and soybean meal presented high digestibility and great potential to be included as protein sources in diets for pirarucu (Table 3) . Although digestibility of animal protein ingredients has increased in many countries due to improved processing techniques (Bureau et al., 1999; Naylor et al., 2009) , based on the results observed for pirarucu and other Neotropical fish species, nutritional quality of such ingredients, including fish by-product meal, is still low and variable. Therefore, it is important that studies focusing on improving feed formulation for the Brazilian aquaculture also include the systematic and continuous assessment of the quality of the raw materials for animal proteins.
